This study was aimed to determine the role and regulation of progranulin (PGRN) in the pathogenesis of inflammatory bowel diseases (IBD). Dextran sulfate sodium (DSS)2, picrylsulfonic acid (TNBS)-induced, bone marrow chimera and CD41CD45Rb hi T cell transfer colitis model were established and analyzed in wild-type and several genetically-modified mice, including PGRN, IL-10 and TNFR2 deficient mice. Elevated levels of PGRN were found in colitis samples from human IBD patients and mouse colitis models in comparison to the corresponding controls. PGRN-deficient mice became highly susceptible to DSS-and TNBS-induced colitis, whereas recombinant PGRN ameliorated the pathology and reduced the histological score in both DSS and TNBS colitis models. In addition, hematopoietic-derived PGRN was critical for protection against DSS-induced colitis, and lack of PGRN signaling in CD41 T cells also exacerbated experimental colitis. PGRN-mediated protective effect in colitis was compromised in the absence of IL-10 signaling. In addition, PGRN's effect was also largely lost in the TNFR2-deficient colitis model. Collectively, these findings not only provide the new insight into PGRN's anti-inflammatory action in vivo, but may also present PGRN and its derivatives as novel biological agent for treating IBD.
I
nflammatory bowel diseases (IBD) results from a continuum of complex interactions between a quart of hostderived and external elements 1 . IBD including both Crohn's disease (CD) and Ulcerative colitis (UC), is characterized by an imbalance in the mucosal intestinal immune system and a shift towards the proinflammatory side 2 . Nearly 4 million people worldwide are affected by either Ulcerative colitis or Crohn's disease 3 . It has been well established that TNFa plays a crucial role in the pathogenesis of IBD, and TNF-blockers represent a well-accepted therapeutic option in the treatment of IBD 4, 5 . Since the TNF blockade only show clinical remission in 50-70% of patients of IBD, alternative biological therapies can be an attractive candidate for further research 6, 7 . Progranulin (PGRN), also known as granulin epithelin precursor (GEP), PC-cell-derived growthfactor (PCDGF), proepithelin, and acrogranin, is a 593-amino-acid secreted growth factor 8, 9 . PGRN plays a critical role in a variety of physiologic and disease processes, including early embryogenesis 10 , wound healing 11 , inflammation 12 , and host defense 13 . PGRN also function as a neurotrophic factor [14] [15] [16] [17] . PGRN exerts its therapeutic effect in inflammatory arthritis through binding to TNFR and DR3, and in turn disturbing TNFa/TNFR and TL1A/DR3 interactions [18] [19] [20] . PGRN2/2 bone marrow-derived macrophages (BMDMs) reduced IL-10 production and increased amounts of pro-inflammatory cytokines 13 . PGRN also suppresses TNFa and IL-6 secretion from activated microglia 21 . Recombinant PGRN was able to block TNFa-induced respiratory robust from neutrophils 12 .
It was reported that PGRN antibodies occurred frequently in patients with CD and UC 22 . Cytotoxicity assays showed a proinflammatory effect of PGRN antibodies on human colon HT29 cells. Moreover, PGRN-antibodies, opposite to recombinant PGRN, enhanced TNF-a-induced downregulation of FOXP3 in CD4 1 CD25 hi Tregs 22 . In this study, we investigated the role of PGRN in intestinal inflammation and the potential molecular mechanism involved.
Methods
Human biopsies. Collection of biopsies from human colons was carried out in accordance with the guidelines and approved by IRB, and informed consent was obtained from all subjects during colonoscopy procedures at the Mount Sinai Hospital, New York in collaboration with Dr. Lloyd Mayer.
Mice. All of the animal studies were approved by the Institutional Animal Care and Use Committee of New York University (IACUC protocol #130202-01). Experiments were carried out in accordance with the approved guidelines and all used protocols approved by the committee's on animal care. Wild-type, TNFR22/2, Rag12/2, IL-102/2 mice were obtained from Jackson Laboratories (C57BL/6 background). The generation and characterization of PGRN knockout mice has been described previously 13 . All mice were maintained in accordance with the approved guidelines.
Induction of colitis. DSS colitis was induced by addition of 3% dextran sodium sulfate (DSS; 36,000-50,000 MW; MP Biomedicals) to the drinking water for 5 days, then replaced DSS solution with normal water 23 . The disease progression was determined by body weight changes, the presence of rectal bleeding and stool consistency. The bleeding score and stool score were evaluated according to the reference 23. Histology score of colonic tissue sections were scored in a blinded fashion as a combination of inflammatory cell inflitration (score 0-3) and tissue damage (score 0-3) according to the reference 24.
For TNBS model, mice were intrarectal instillation of 150 mg/kg picrylsulfonic acid (TNBS) dissolved in 100 ml 50% ethanol. Mice instilled 100 ml 50% ethanol as the control group 25 .
Bone marrow chimeras. 6-weeks-old wild type mice (CD45.2) were lethally irradiated by two exposures of 550 rads (4 hour apart) prior to receiving 2 3 10 6 BM cells from wild type or PGRN-deficient mice (CD45.2) by intravenous injections. The radiation sensitivity of different cell types in bone marrow is distinct. Stem cells, T helper cells, cytotoxic T cells, monocytes and neutrophils are sensitive, while regulatory T cells, macrophages, dendritic cells and natural killer cells are radioresistant 26, 27 . To evaluate the radiation sensitivity and chimeric efficiency, we generated a control chimeras by reconstitution wild type recipients (CD45.2, three mice per group) with bone marrow cells from CD45.1 donors. In brief, bone marrows were collected from both the femurs and tibias of WT or PGRN-deficient donor mice by flushing with gauge needle and syringe. After passing cell suspension through 70 mM cell strainer and washing several times with PBS, cells were resuspended in PBS at a concentration of 2 3 10 7 /ml. Injection of bone marrow cells should be done within 24 hours after irradiation. Anesthetize recipient mice with an Isoflurane vaporizer, and inject 100 ml of cells suspension into the veinous network of eyeball. Monitor the reconstitute mice until they are fully awake. To avoid infection, we added sulfatrim to the drinking water (5 mL/200 mL) and maintain the mice on anti-biotic water for 2 weeks. 8 weeks after bone marrow transfer, radiation and chimeric efficiency was confirmed. For control chimera mice, FACS results show 96% of the transplanted CD45.1 bone marrow cells are present in reconstituted CD45.2 mice, suggesting a successful chimerism. To further verify the chimeric efficiency in WT/ WT and WT/KO chimeras, we isolated and genotyped total bone marrow cells. WT mice with KO-BM gave rise to a 211-bp (2/2, PGRN-deficient alleles) PCR product, whereas WT mice with WT-BM produced a 468-bp PCR product (1/1, wild type alleles) in BM cells.
The WT/WT and WT/KO chimera mice were fed with 3% DSS for 5 days. Body weight changes, stool consistency, and rectal bleeding were monitored daily. At day 7, mice were sacrificed to collect colon tissue for HE staining.
In vivo intestinal permeability assay. The intestinal barrier permeability was assessed with a FITC-labeled Dextran method as described 28 . In brief, mice were gavaged with FITC-dextran (Mw 4000; Sigma-Aldrich) at a concentration 60 mg/ 100 g body weight. FITC-dextran amount in serum was measured with a fluorescence spectrophotometer at emission and excitation wavelengths of 485 nm and 530 nm, respectively. FITC concentration was measured from standard curves generated by different dilution of FITC-dextran.
Assessment of microbiota. Microbial DNA was extracted with a QIAamp DNA stool kit (QIAGEN) according to the manufacture's protocols. The eluted DNA was qualified, and qRT-PCR was performed with 16s rDNA primers. The forward and reverse primer sequences are as follows, 59-GAGAGGAAGGTCCCCCAC-39 and 59-CGCTACTTGGCTGGTTCAG-39 for bacteroides, 59-ATGGCTGTCGTCAGCTCGT-39 and 59-CCTACTTCTTTTGCAACCCAC TC-39 for enterbacteria, 59-GCGGCGTGCCTAATACATGC-39 and 59-CTTCATCACTCA CGCGGCGT-39 for bacillus, 59-GCTGCTAATACCGCATGATATGTC-39 and 59-CAGACG CGAGTCCATCTCAGA-39 for firmicutes. The data was presented as a percentage relative to eubacteria.
Establishment of CD41CD45Rb
hi T cell transfer colitis model. CD41CD45Rb hi T cells were purified from the spleen cells of wild-type and PGRN-deficient mice through FACS sorting. The purity of the transferred CD41CD45Rb high T cells was 98%. 4 mice to establish the transfer colitis model. The level of severity of colitis was assessed through evaluating body weight changes and histological scores.
Immunohistochemistry. Colonic tissues were fixed in 10% formalin, dehydrated, cleared with dimethylbenzene, and then embedded in parafin. These samples were then incubated with anti-PGRN antibody (15100 dilutions; Santa Cruz Biotechnology) at 4 degree overnight, followed by incubation with a horseradish peroxidase-conjugated secondary antibody for 60 min at room temperature. The signal was detected using the Vector Elite ABC Kit (Vectastain; Vector). These sections were also stained using hematoxylin and eosin (HE) for routine morphologic analysis.
Immunoblotting. The human intestinal epithelial Caco2 cells were lysed in RIPA lysis buffer containing protease inhibitors. Proteins were resolved on a 10% SDSpolyacrylamide gel and electroblotted onto a nitrocellulose membrane. After blocking in 5% non-fat dry milk in Tris buffer-saline-Tween 20 (10 mM Tris-HCl, pH 8.0; 150 mM NaCl; and 0.5% Tween 20), blots were incubated with with anti-Erk, -Phospho-Erk (Cell Signaling Techonology) antibody for 1 hour. After washing, the secondary antibody (horseradish peroxidaseconjugated anti-rabbit immunoglobulin; 152000 dilution) was added, and bound antibody was visualized using an enhanced chemiluminescence system (Amersham Life Science, Arlington Heights, IL, USA).
Flow cytometry. Cells were stained with anti-CD16/32,-CD3, -CD4, -CD8, -CD11b, -CD11c, -CD19, -CD25, -MHCII, -mPDCA-1 (eBioscience). Intracellular staining for Foxp3 (eBioscience staining buffer set) and IL-17 and IFN-c were conducted according to manufacturers' instructions (Fixation and Fixation and Permeabilization Solution Kit Biolegend and eBioscience, respectively). Data were acquired on a LSRII (BD Biosciences) and analyzed with FlowJo software (Tree star, Ashland OR).
Statistical analysis. Results represent mean 6 SEM. Differences in groups were analyzed with unpaired, 2-tailed t tests. P values less than 0.05 were considered significant.
Results
PGRN is elevated in the colon from IBD patients and mice colitis model. To determine the expression of PGRN in intestinal tissue during inflammatory conditions we performed immunohistochemistry in the human intestinal tissue samples. As shown in Fig. 1A , the expression of PGRN is significantly elevated in the intestinal tissue of IBD patients compared with noninflammatory tissue controls. PGRN was detectable in normal colon tissues (day 0), and its expression was significantly increased at day 1 after TNBS injection (Fig. 1B) . Stronger PGRN staining was also observed in epithelial cells and inflammatory cell infiltrating areas at day 4 ( Fig. 1B) . We performed real-time PCR to examine PGRN gene expression pattern in immune cells sorted from normal wild-type mice spleens. We found that PGRN gene was highly expressed in CD11b1 cells and Ly6G1 cells compared to other immune cells including T and B cells (Fig. 1C ). To determine whether PGRN is functional on the intestinal cells, we stimulated the human intestinal epithelial Caco2 cells with 1 mg/ml recombinant PGRN, we found that PGRN activated Erk phosphorylation (Fig. 1D ). These data suggests that PGRN is induced in the IBD inflammatory conditions and is functional on the intestinal cells.
PGRN deficient mice develop more severe colitis in comparison to the wild-type mice in chemical-induced colitis model. To study the contribution of endogenous PGRN to colitis development, we assessed the age-and sex-matched wild-type and PGRN2/2 mice after oral administration of 3% DSS in drinking water. In a survival study, no wild-type mice died until day 10 after DSS induction, but a mortality higher than 60% was observed in the PGRN2/2 group ( Fig. 2A) . The PGRN2/2 mice suffered from significant body weight loss from day 4 (day 4: 97. (Fig. 2B ). In addition, the stool consistency scores of PGRN2/2 mice became significantly worse compared to those of DSS-fed wild-type mice (day 5, p 5 0.005; day 6, p 5 0.04; day 7, p 5 0.005) (Fig. 2C) . And PGRN2/2 mice displaying significantly elevated bleeding scores (day 4, p 5 0.03; day 5, p 5 0.005; day 6, p 5 0.013; day 7, p 5 0.009) (Fig. 2D ) relative to DSS-induced wild-type mice. The evaluation of colon length is one of the parameter with the lowest variability in DSS-induced colitis model model 29 . We found that the colons of PGRN2/2 mice were on average 20% shorter than those of wild-type mice treated with DSS (7.5 6 0.5 vs. 6.5 6 0.5, p 5 0.03) (Fig. 2E) . Colitis tissue from DSS-administered mice were examined to determine whether clinical signs of colitis were correlated with histological severity. Marked histopathological changes were seen in colonic sections of DSS-fed PGRN2/2 mice characterized by severe transmural inflammation with focal areas of extensive ulceration and necrotic lesions, along with infiltration of inflammatory cells (Fig. 2F) . Semiquantitative scoring of these histological parameters confirmed that colitis severity in PGRN2/2 mice was obviously higher than that in wild-type mice (p , 0.01) (Fig. 2G) .
To determine whether these observations were specific to DSSinduced colitis model, another acute colitis model which resembles Crohn's disease was established through intrarectal administration of 150 mg/kg picrylsulfonic acid (TNBS) in ethanol. Compared with WT mice, PGRN2/2 mice significantly lost more body weight at day 3 and 4 after TNBS induction (day 3: 88.7 6 4.6% vs. 82.3 6 4.6%, p 5 0.039; day 4: 94.7 6 3.8% vs. 86.1 6 2.3%, p 5 0.005) (Fig. 3A) . In addition, the histological features of PGRN2/2 mice were significantly different from wild-type mice (Fig. 3B) . Taken together, these results suggest that PGRN-dependent signaling is critical for protection against DSS-and TNBS-induced acute colitis.
Hematopoietic-derived PGRN is critical for protection against DSS-induced colitis. PGRN is highly expressed in epithelial cells as well as in immune cells 19 . To investigate whether immune cellderived PGRN plays a role in DSS-induced colitis model, we generated chimera mice made by reconstituting irradiated wildtype mice with bone marrow cells from KO/WT donors, then subjected them to 3% DSS solution for 5 days. The wild-type mice reconstituted with PGRN2/2 bone marrow cells lost more body weight compared to wild-type mice transplanted with wild-type bone marrow (day 4: 101.4 6 2.1% vs. 98.8 6 2.2%, p 5 0.03; day 5: 100.5 6 0.8% vs. 98.4 6 2.9%, p 5 0.05; day 6: 99.5 6 0.7% vs. 96.5 6 3.1%, p 5 0.019; day 7: 97.3 6 1.1% vs. 94.6 6 1.8%, p 5 0.011) (Fig. 4A) . HE stained colon sections of wild-type mice that received PGRN2/2 bone marrow displayed severe epithelial ulceration and more inflammatory lymphocytes infiltration (Fig. 4B) and  significantly higher scores (p , 0.01, Fig. 4C ). We found that wildtype mice transplanted with wild-type bone marrow were less sensitive to DSS-induced colitis. Collectively, these results demonstrate that hematopoietic cell-derived PGRN protects against DSS-induced colitis.
Lack of PGRN signaling in CD41 T cells also exacerbates experimental colitis. To determine whether PGRN played a role in chronic colitis model, we established CD41CD45Rb high T cells transfer colitis model. The results demonstrated that transfer of PGRN2/2 CD41CD45Rb high T cells led to an accelerated onset of body weight loss at d28 and d34 (p , 0.01) (Fig. 5A ). RAG12/2 mice that received PGRN2/2 T cells had a greater rate of mortality (Fig. 5B) and showed marked alterations of the colon (Fig. 5C ). In line with the findings of accelerated body weight loss, lack of PGRN signaling in CD41 T cells leads to more severe signs of intestinal inflammation.
The severity of colonic inflammation is not resulted from the impairment of intestinal barrier function or the alternations of colonic microbiota in DSS-fed PGRN2/2 mice. Impairment of the intestinal barrier further drives the pathogenesis of intestinal inflammation in DSS-induced colitis and human IBD 30 . The results revealed that no significant changes were observed between wildtype and PGRN2/2 DSS mice (water: 19.3 6 3.0 vs. 18.2 6 5.7, p 5 0.39; DSS model: 131.5 6 25 vs. 131.8 6 20, p 5 0.495) (Fig. 6A) . These results suggest that PGRN deficiency does not affect the function of the intestinal barrier at either physiologic or disease conditions.
Intestinal microbiota plays a crucial role in the pathogenesis of inflammatory bowel disease 31 . To determine whether lack of PGRN signaling affects intestinal bacterial overgrowth and leads to bacteremia, we performed bacteria assay. Unexpectedly, we did not observe any significant changes in the number of bacteria between naïve and DSS-treated wild-type and PGRN2/2 mice (Fig. 6 B-E ). These results demonstrate that the severity of colitis in PGRN2/2 mice is not caused by bacterial overgrowth or due to the alteration of the composition of intestinal microbiota. Recombinant PGRN ameliorates colitis syndrome. In order to determine whether recombinant PGRN is able to ameliorate the colitis syndrome in wild-type mice, a therapeutic group of mice (n 5 8) were treated with 100 mg PGRN every two days beginning at day 1 after DSS induction, whereas control group (n 5 8) were treated with PBS. The PBS group exhibited the great amounts of body weight loss and were unable to recover as rapidly in comparison to the PGRN-treated group (day 6: 93 6 3.7% vs. 98 6 3.5%, p 5 0.02; day 7: 90 6 5.0% vs. 95 6 3.2%, p 5 0.02; day 8: 88.6 6 6.7% vs. 96.8 6 4.7%, p 5 0.009) (Fig. 7A) . And the colon was shorter in control group than in mice treated with recombinant PGRN (p , 0.05) (Fig. 7B) . PGRN treatment significantly increased the IL-10 release in colonic explants from DSS colitis mice (p , 0.01) (Fig. 7C) . Histological results also showed that recombinant PGRN protected against experimentally induced colonic hyperplasia and leukocyte infiltration in colonic tissues (Fig. 7D) .
DSS-induced colitis was also observed in immunodeficient mice 32 . In a separate group, we treated colitic Rag12/2 mice with PBS and PGRN as described above. Colitic Rag12/2 mice treated with recombinant PGRN lost significantly less body weight when compared with those receiving PBS (day 6: 82 6 8.7% vs. 91 6 5.9%, p 5 0.04; day 7: 81.1 6 9.7% vs. 91.4 6 4.5%, p 5 0.02) (Fig. 8A) . Colons of PBS-treated DSS-fed mice were significantly shorter than those of recombinant PGRN-treated colitic mice (Fig. 8B) . Furthermore, HE staining of colonic sections confirmed the amelioration in colitis severity in PGRN-treated colitic mice characterized by focal areas of reduced ulceration and less leukocyte infiltration (Fig. 8C) .
IL-10 signaling is required for PGRN-mediated protection from intestinal inflammation. IL-10 plays a critical role in regulating inflammatory response in intestine since the most prominent phenotype observed in IL-10-deficient mice is inflammation in the intestine 33 . PGRN2/2 mice macrophages produce less IL-10 than wild-type mice, and the serum IL-10 level is significantly elevated in PGRN-treated inflammatory arthritis model 18 . To determine whether IL-10 signaling is required for PGRN-mediated protection from colitis, we blocked the IL-10 signaling with a specific anti-IL-10 receptor antibody (clone 1B1.3A). Control group mice (n 5 5) were injected with recombinant PGRN and isotype antibody, whereas blocking group mice (n 5 5) received PGRN and 200 mg of anti-IL10R mAb per mice every 2 days. As shown in Fig. 9A , the anti-IL10R mAb blocking group mice suffered from significant body weight loss from day 4 (day 4: 97.8 6 2.2% vs. 91.6 6 2.0%, p 5 0.001; day 5: 99.1 6 1.1% vs. 93.8 6 1.6%, p 5 0.0002; day 6: 98.8 6 3.5% vs. 90.4 6 0.6%, p 5 0.007; day 7: 95.4 6 4.7% vs. 86.9 6 5.2%, p 5 0.013; day 8: 97.4 6 6.1% vs. 85 6 6.6%, p 5 0.007; day 9: 98.6 6 6.8% vs. 84.2 6 6.9%, p 5 0.005). These results demonstrated that anti-10R mAb offsets the protection of PGRN against body weight loss. Marked inflammatory cell infiltration, colonic ucleration and changes of crypt architecture were also observed in intestinal sections of anti-10R treatment mice (Fig. 9B ). In addition, PGRN's therapeutic effect was lost in IL-102/2 mice, at least in part (day 3: 87.1 6 2,5% vs. 84.4 6 5.1%, p 5 0.16; day 4: 86.7 6 2.2% vs. 88.3 6 4.8%, p 5 0.26; day 5: 88.2 6 3.3% vs. 90.5 6 4.2%, p 5 0.20) (Fig. 9C) . Intestinal sections of the PGRN group and PBS group have similar histological changes (Fig. 9D) . No significant changes were observed in Foxp3, IFN-c and IL-17 level in T cells isolated from MLN between PGRN and PBS group (CD41IL-171 cells: 2.52 6 0.5% vs. 2.07 6 0.8%, p 5 0.21; CD41IFN-c1 cells: 1.51 6 0.48% vs. 1.62 6 0.69%, p 5 0.21; CD41Foxp31 cells: 10.5 6 1.7% vs. 9.88 6 2.1%, p 5 0.49) (Fig. 9E) . These results suggest that IL-10 signaling is required for PGRN-mediated protection from intestinal inflammation.
The protective effect of PGRN in intestinal inflammation depends on TNFR2 as well. Several publications have demonstrated that TNFR2 is important for PGRN-mediated protective roles 18, [34] [35] [36] [37] . To define the potential contributions of TNFR2 in the therapeutic effect of PGRN, we established TNBS model in TNFR22/2 mice and treated with PBS or 100 mg PGRN every two days beginning at day 1 after TNBS induction. The results revealed that no significant difference in body weight changes (Fig. 10A ) and histological features of colonic sections (Fig. 10B) between PBS-and PGRNtreated colitic TNFR22/2 mice (n 5 5, p . 0.05). Collectively, this set of experiments indicated that TNFR22/2 colitic mice are less sensitive to PGRN treatment, and PGRN-mediated protection against intestinal inflammation may also rely on TNFR2 signaling, at least in part.
Discussion
The objective of this study was to examine the potential role of PGRN in the pathogenesis of IBD as well as the molecular mechanism involved. It was reported that PGRN expression was increased during colonic inflammation and PGRN was a critical protein involved in colonic injury repair 38 . We further revealed that PGRN expression was elevated in the patients with IBD, and its level was induced in the course of mouse experimental colitis (Fig. 1) , suggesting that PGRN might be an important growth factor involved in mucosal inflammatory response and damage. Although PGRN2/2 mice have no evidence of immune system activation and spontaneous colitis phenotype (Fig. 11 ), our findings demonstrate that PGRN deficiency exacerbates the severity of acute mucosal inflammation induced by chemical agents. PGRN2/2 mice were significantly more susceptible to colitis-associated body weight loss, diarrhea, mortality, colon length and histological changes (Figs. 2, 3) , indicating a critical role for the PGRN in protection against DSS-and TNBS-induced colitis. In addition, recombinant PGRN significantly reduced the severity of DSS-induced colonic injury assessed by clinical, biological and histological parameters (Fig. 7) .
Bone marrow chimera mice results demonstrate that hematopoietic cell-derived PGRN was sufficient for protection against colitis (Fig. 4) . PGRN also exerts its beneficial effect even in the absence of both T and B cells (Fig. 8) . However, this finding does not belittle the role of T cells-and B cells-derived PGRN in chronic DSS colitis and other IBD models. Several recent articles have indicated that PGRN contributes to the pathogenesis of chronic autoimmune diseases 19, 39, 40 . In CD41CD45Rb high T cells transfer colitis model, transfer of PGRN2/2 CD41CD45Rb high T cells leads to more severe intestinal inflammation (Fig. 5) . Intriguingly, PGRN is highly expressed in CD11b1 cells and Ly6G1 cells (Fig. 1C) , and adoptive transfer of CD11b1Ly6G1 myeloid-derived suppressor cells (MDSCs) has been reported to decrease intestinal inflammation 41 . Studies are warranted to elucidate the role of PGRN expressed in CD11b1 and Ly6G1 cells in the pathogenesis of colitis. PGRN binds to TNFR2 with higher binding affinity 18, 42 , and TNFR2 has been shown to be important for PGRN activities 36 . TNFR2 has also been found to be required for PGRN-mediated protection of LPS-induced lung injury 34 . In addition, PGRN-stimulated bone formation and fracture healing also depended on TNFR2 signaling 35 . Our finding that PGRN lost its therapeutic effect, at least in part, in TNBS model established in TNFR2-deficient mice (Fig. 10 ) corresponds with previous reports and supports the concept that TNFR2 plays an important role in various PGRN-mediated pathophysiological conditions. Interestingly, a lack of TNFR2 expression within CD41 T cells was also reported to exacerbate the development of T cells transfer colitis in mice 43 . It is noted that Chen and colleagues agreed that PGRN stimulation of regulatory T cells (Treg) was mediated by TNFR2. They reported that PGRN stimulates mouse Tregs through enhancing TNFa-induced Treg 36 . The effect of TNFa on Tregs from mice and humans remains to be controversial. The data from Chen lab suggest that TNFa promotes murine Treg in vitro 36 , whereas in humans, TNFa inhibits the suppressive function of Tregs through negative regulation of Foxp3 expression 21, [44] [45] [46] [47] . Thus, it appears that PGRN stimulates the sup- pressive function of both human and mouse Tregs, although the exact molecular mechanism remains to be further delineated. Although the effect of TNFa on Treg function remains controversy, the beneficial and therapeutic effects of Tregs in autoimmune diseases have been well-accepted [48] [49] [50] . In addition, TNF inhibitors, including Enbrel, Remicade, Humira, have been accepted as the most effective anti-inflammatory therapeutics and the most successful biotech drugs 51, 52 . Importantly, recent studies reported that PGRN antibodies occurred frequently in patients with both CD and UC, and had significant neutralizing effects on PGRN plasma levels 22 . These studies suggest that PGRN and its derivatives may be more effective alternatives to market TNF inhibitors for treating the IBD patients who are diagnosed to be PGRN antibodies positive.
The spontaneous colitis in IL-10R2/2 mice and Blimp2/2 mice, which exhibit a defect in IL-10 signaling 53, 54 , suggests the importance of IL-10 in preventing intestinal inflammation. IL-10 has been identified as a potential therapeutic molecule in Crohn's disease and ulcerative colitis 1, 55, 56 . In line with the report that PGRN-treated mice showed a significant increase in IL-10 production in collageninduced arthritis model 18 , we found that PGRN treatment also increased the levels of IL-10 in colitis models, and PGRN largely lost its protective effect in colitis when IL-10 signaling was blunted by IL-10R blocking antibody or in IL-10-deficient mice. This further confirms that upregulation of IL-10 production is one of the mechanism involved in the anti-inflammatory effects of PGRN in various inflammatory conditions. To better understand the roles of TNFR2 signaling and IL-10 in PGRN-mediated anti-inflammatory effect, we proposed a model illustrated in Fig 12. In brief, PGRN binds to TNFR2 in target cells, exemplified with Tregs, leading to the secretion of IL-10, an anti-inflammatory cytokine known to be involved in various inflammatory diseases, including IBD, whereas TNFa may neutralize the anti-inflammatory effects of PGRN by interfering the PGRN/TNFR2 signaling.
Collectively, this study shows that PGRN is a critical mediator of intestinal homeostasis and its dysregulation associates with intestinal inflammation during colitis. In addition, the PGRN-mediated protective action in inflammatory bowel diseases depends on the TNFR2 and IL-10 signaling. These findings not only provide the new insights into PGRN's anti-inflammatory action in vivo, but may also present PGRN and its derivatives as novel strategy in the treatment of intestinal inflammation. 
